There are many reasons for developing in vitro tests of toxicity including cost, speed, studies of mechanisms, and studies utilizing human cells and tissues. The present study focuses on the development of in vitro tests to predict in vivo toxicity by comparing them to data from the literature. A broad spectrum of model toxic compounds was evaluated for toxicity on mouse skin JB6 cells in culture. These included mercuric chloride, sodium lauryl sulfate, formaldehyde, dimethyl sulfoxide, benzoyl peroxide, and ionomycin, all of which have been proven to be positive in the Draize test or in cutaneous toxicity studies. Cell viability was evaluated every 15 min for up to 1 hr, and then after 24 hr of treatment using the Trypan Blue exclusion method; morphological changes were evaluated using phase-contrast and transmission electron microscopy. Doseand time-dependent cell death and morphological changes were observed at concentrations ranging from 10 -14 to 10 -2 M. Arbitrary rankings were assigned based on 1) IC 50 value estimated from the present data, and 2) in vivo toxicity reported in the Registry of Toxic Effects of Chemical Substances. Good correlation between in vitro and in vivo toxicity based on arbitrary rankings was observed. Thus, these findings suggest that the JB6 cell culture model can be used for predicting in vivo toxicity. In the future, it may be possible to utilize this system for the study of intracellular ionized calcium ([Ca 2+ ] 1 ), and the expression of oncogenes as early indicators of toxicity.
INTRODUCTION
The development of cell culture toxicity assay model systems has potential for predicting in vivo toxicity. Presently, however, the interpretation of cytotoxicity data derived from in vitro cell culture assays has only limited value because the in vivo situation is complex and difficult to model. For example, Draize irritation tests are strongly criticized because of their lack of reproducibility, partly due to the large variations in animal sensitivity (5) . Furthermore, multiple mechanisms are involved in the process of ocular irritation (33) . Thus, a combination of in vitro tests appears to be required to predict human ocular irritation effectively. These shortcomings have been particularly obvious in eye-irritation testing because of the high sensitivity and complexity of this organ. The principal problems to be overcome are intra-and interlaboratory variability and poor predictability of the probable human response (34, 35) . Biological factors such as interindividual differences in sensitivity (36) and methodologic factors such as mode of application (7) , time of release (35) , or irrigation regimen may limit applicability. In the case of the Draize test, discrepancies in the response of the rabbit and human eye compound the difficulties involved in the extrapolation from animal data to humans. This task will be simplified with better understanding of the mechanisms leading to cell death. In this paper, we have attempted to correlate our in vitro data with the in vivo data reported by the Registry of Toxic Effects of Chemical Substances (RTECS) (26) .
Many different endpoints have been used to characterize cytotoxic effects of different chemical classes (6, 18, 21, 30) . Parameters such as cell viability (21) , morphological changes (30) , cell membrane integrity (29) , cell detachment, and cloning efficiency and growth inhibition (27) have been used for in vitro tests for irritancy. In the present study, cell death was investigated using the Trypan Blue exclusion method, and morphological changes were followed using phase-contrast microscopy. Multiple time points were used to establish 1) whether or not these endpoints could be used to predict in vivo toxicity and, if so, 2) which particular time points using these techniques would give the most appropriate results. Several classes of toxic compounds, including ionomycin (10), mercuric chloride (HgCl2), formaldehyde (HCHO), sodium lauryl sulfate (SLS), benzoyl peroxide (BOP), and dimethyl sulfoxide (DMSO), which have proven to be positive in the Draize test, were investigated. The aim of the present study was to provide initial evidence that a reliable prescreening and/or screening assay in vitro may possibly predict toxicity in vivo. The assay presented can be performed quickly and easily and has the potential of being adaptable to a large number of chemicals of various classes to give quantifiable results. This study will provide insight for the development of other assays that are more sensitive and more quantifiable, such as alterations in intracellular [Ca2+t (as determined by digital imaging fluorescence microscopy), cell viability (as determined by fluorescent probes such as propidium iodide), and alteration in oncogene expression. These techniques have been in use in our laboratory for several years (23, 31, 32) and may not only predict acute or chronic toxicity (13) , but may also provide insight into the mechanisms involved (14) .
MATERIALS AND METHODS

Materials
Cell culture medium, buffers, and serum were obtained from GIBCO (Grand Island, NY), and 10 from Calbiochem (San Diego). The remaining compounds, including SLS, BOP, and DMSO, were obtained from Sigma (St. Louis). Stock solutions of BOP, Fura-2/AM, and 10 were prepared in DMSO whereas HgC'2 and HCHO were prepared in water.
Cell Culture
Promotable (clone 41 ) and nonpromotable (clone 30) clones of mouse skin JB6 cells were a gift from Dr. Nancy H. Colbum (National Cancer Institute, Frederick, MD). The cells were grown in Dulbecco's minimal essential medium (DMEM)/F12 as described previously (10), using 10% fetal calf serum (15) . These cell lines are widely used as models for studying the mechanism of action of tumor promoters (9) .
Cytotoxicity
Subconfluent cultures of JB6 cells were trypsinized and counted using a hemocytometric Trypan Blue exclusion method (1, 17) . Approximately 75,000 cells/well (in a 6-well plate) were seeded in 3 ml of growth medium and the cells allowed to grow to 70% confluency. The cells were then treated with various compounds for the scheduled time interval at 37°C; control groups were treated with the vehicle alone (16) . After adding 0.04% Trypan Blue (final concentration), cells were counted from 3 different randomly selected monolayer regions (32) . Because sensitivity to toxic effects appears to be related to both confluency level and growth phase (25) , care was taken to count at least 100 cells/unit area at x 100 magnification from regions of about 70% confluency. A remarkable difference in the sensitivity of cells to the toxic effect of each compound was apparent, which correlated with the confluency level of the different regions chosen on the dish. Approximately 10-15% standard error of the mean was observed at each data point when studied at the 70% confluency level. The mean value was calculated from three independent observations in randomly selected regions.
Cytotoxic effects of compounds were assessed in modified Hank's balanced salt solution (HBSS) for < 1 hr treatment, whereas long-term (24 hr) experiments were performed in DMEM/F 12 growth medium. This strategy was used for 2 reasons: a) HBSS is routinely used for estimating [Ca2+]¡ using digital image fluorescence microscopy (23, 31, 32) , and b) 24 hr is too long a period of time to maintain cells without adequate nutrients.
Phase-Contrast Microscopy
Morphological changes due to various compounds were observed using an inverted phase microscope. All phase-contrast photographs were taken using a Nikon Diaphot-TMD inverted microscope and a 100X, 1.3 N.A. oil objective lens, except for Fig. 5D , which was taken using a Leitz Diavert microscope and a 10X, 0.25 N.A. air lens.
Transmission Electron Microscopy
At desired time intervals, cells from 4 culture dishes were fixed with 2% formaldehyde-1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) at room temperature for 2-3 hr. Each group of dishes, representing a specific dose treatment time, was placed in 1 centrifuge tube to include both cells scraped from the dishes and those that were freefloating in the supernatant. The cell suspension was spun at 8,000 x g for 10 min and the supernatant removed. The remaining pellets were resuspended in small aliquots of sucrose sodium cacodylate buff er and then transferred to microfuge tubes. The tubes were spun in a microfuge for 5 min and the pellets postfixed in 1 % buffered osmium tetroxide, stained en block with uranyl acetate, dehydrated, and embedded in Polybed 812 (Polysciences, Warrington, PA). Ultrathin sections were cut and stained with uranyl acetate and lead citrate and later examined and photographed using a JEOL EX-1200 transmission electron microscope.
RESULTS
Cytotoxicity Studies
Cytotoxicity studies were performed on clone 41 1 unless otherwise noted. In the short-term studies « 1 hr), HgCl, and HCHO produced dose-related cell death in a concentration range of 10-8 to 5 x 10-4 M, whereas 10 produced dose-related cell death in a much narrower range, which, however, was still within the broader concentration range of HgCl2 and HCHO ( Fig. 1 ). SLS and BOP produced dose-related cell death in a concentration range of 5 x 10-S M to 5 x 10-3 M (a higher concentration range than that used for HgCl,, 10, and HCHO). The data suggest lower toxic effects for BOP and SLS as compared to HgCl2, 10, and HCHO. All of these compounds produced dose-related cell death in the same concentration ranges at 15, 30, and 45 min (data not shown). However, significantly fewer dead cells were observed after 15, 30, and 45 min, as compared to 60 min.
In contrast to short-term effects, all tested compounds in long-term experiments (24 hr) produced cell death in a dose-dependent manner in a broad concentration range of 10-14 to 10-3 M, except for 10, which produced dose-related cell death in a narrower concentration range of 10-14 to 10-S M. All the compounds exhibited a dose-response in 2 phases: a shallow dose-response curve (DRC) in the concentration range of 10-'4 to 10-6 M and then a steep DRC in the concentration range of 10-6 to 10-2 M (Fig. 2) . The which essentially showed a log-linear response curve. It must be emphasized that a log-linear DRC was observed after 60 min of treatment (Fig. 1) , which is distinctly different from the biphasic DRC after 24 hr of treatment (Fig. 2 ). Icso, as calculated based on both short-term and long-term studies, is summarized in Table I and suggests that all of the compounds produced a dose-and time-dependent cell death. Icso value is an estimated concentration of a compound causing death in 50% of JB6 cells (clone 41).
Morphology
Controls. By phase-contrast microscopy, control epithelial cells appeared polyhedral or elongated with abundant cytoplasm and 1-3 large nuclei. Mitochondria (arrows), perinuclear lysosomes (L), and occasional small pale and homogeneous cytoplasmic vacuoles were observed (Fig. 3A) . The &dquo;worm-like&dquo; mitochondria were clearly resolved (Fig. 3B ). The cell periphery showed advancing ruffles and occasional elongated processes. At the ultrastructural level, the cells exhibited an epithelial-like morphology and displayed peripheral microvilli. Numerous mitochondria, profiles of endoplasmic reticulum (ER), and clusters of secondary lysosomes in the perinuclear region were observed. A welldeveloped Golgi apparatus was often present (Fig. 4 ).
Mercuric chloride. Numerous cytoplasmic blebs were observed within 15 min after treatment with HgCl, (Fig. 5A ) and were associated with early condensation of nuclear chromatin and swollen mitochondria. These alterations became much more prominent as time progressed (Fig. 5B ). By 24 hr, the cells were swollen and polyhedral with central Formaldehyde. Cell swelling was less marked after HCHO than after HgClb although cytoplasmic blebbing was prominent and there were increased cytoplasmic dense granules. In comparison to HgCl, treatment, there were many detached cells which typically died soon after detachment. Sodium lauryl sulfate. Although at lower doses SLS had little or no effect, a concentration of 10-M or higher resulted in bleb formation (Fig. 5C ), increased numbers of vacuoles, and nuclear chromatin clumping (Fig. 5D ). In the end stages, cells disintegrated to form cell-clump fragments (Fig. 5E ).
Ionomycin. Cells exhibited rapid changes following 10 including formation of prominent cytoplasmic blebs, large cytoplasmic vacuoles, clumped chromatin, and frequent disintegration (Fig. 5F ). By 24 hr, the population consisted of ghostlike disintegrated cells.
Benzoyl peroxide. In contrast to HgC12 or 10, BOP had essentially no effect at lower doses. As the dose was increased to 5 x 10-4 M, the formation of cytoplasmic blebs was prominent. In addition, there were cells that were swollen and polyhedral with central, dense nuclei and perinuclear halos by 6 hr with 5 x 10-4 M (Fig. 6A, B ). On the other hand, BOP exerted a greater effect on clone 30, using the same dose. By phase microscopy, clone (Fig. 7 ). The mitochondrial matrices were markedly swollen with loss of granules, and the ER as well as the nuclear envelope were markedly dilated. These latter alterations apparently correspond to the cytoplasmic vacuoles seen here and in other treatments by phase microscopy. The cell membrane had reduced numbers of microvilli, and prominent cytoplasmic blebs were often present. The nuclear chromatin was condensed, and aggregates of interchromatin granules were sometimes observed. In some sections, mitochondria contained dense aggregates resembling calcium hydroxy apatite crystals (Fig. 8 ).
Dimethyl sulfoxide. Observations on DMSO-
treated cells at the concentrations tested revealed no changes as compared to controls.
DISCUSSION
The main objectives of the present study were to determine whether or not the tested compounds gave reproducible DRCs and, if so, to study the characteristics of these curves with respect to variation in time and also to address the issue as to which specific toxic effects correlated best with published in vivo toxicity data. The key findings of the present experiments were the dose-related toxic effects. The toxic effects of HgCl2, HCHO, and BOP were also found to be time-dependent, as is seen from the decreasing ICso values for each of the compounds (Table I) . After 24 hr of treatment at maximal compound concentration, there was 100% cell death. However, all the compounds, except for DMSO, resulted in biphasic DRCs. This was based on both cell death and morphologic alterations at each time point.
IC,,,, a guiding value in determining toxic effects, is commonly estimated based on linear regression analysis (19) . However, because of the nonlinearity of the curves, better estimates of!C;o were obtained by direct interpolation of the curves. Four out of 6 compounds caused > 50% cell death after 1 hr of treatment (10, HgCl2, HCHO, SLS) whereas 3 of these 4 compounds (except HCHO) resulted in > 50% cell death after 15 min of treatment. Interestingly, HCHO, which did not produce 50% cell death at 15 min, successfully produced > 50% cell death after 1 hr of treatment, suggesting a difference in the kinetics of cell killing. Because of the inconsistent decrease in ICSO between the 15and 45-min time period, cell death during this time period was not deemed to be a suitable endpoint for predicting toxicity. Nevertheless, the short-time toxicity data indicated that sublethal responses to injury were in progress. Thus, measurement of sensitive markers of early cellular injury may prove to be useful assays for predicting cell death that was noted after 24 hr.
Changes in [C)2+]; and oncogene expression have been suggested as possible sensitive markers for predicting acute cellular injury (8) . Interestingly, preliminary work from our laboratory (12) indicates that increased levels of [Ca2+]; appear to correlate with cell death, particularly after 24 hr of treatment. The ranking based on cell death after 1 and 24 hr of treatment in vitro appears to be similar (Fig. 9 ). In addition, morphological changes, particularly bleb formation, have been widely reported by us (23, 31, 32) and others (4, 22) to be related to increases in [C)2+]; and cell death. It is significant that the more advanced morphological changes, such as nuclear chromatin clumping, vacuole formation, and cellular deterioration were consistent with the presence of blebs. Similar correlation of cell death and morphological changes have been reported for human keratinocytes (24) . Based on the present study, the endpoints of cell death and morphological changes appear more meaningful at 1 and 24 hr than at 1 hr or less. Thus, in vitro toxicity data based on these endpoints between 1 and 24 hr were compared to in vivo data, as reported by RTECS (26) . The tested compounds were ranked based on a) their in vivo toxic effects on the eye, skin, or LD,O, particularly for rodents, or b) their in vitro toxic effects based on IC,o values at 1 or 24 hr or morphological changes resulting within 24 hr. Compounds were ranked in increasing order of their toxic effects, i.e., an arbitrary rank of 1 was assigned to the least toxic compound, rank 2 to the next, more toxic compound, etc. Relative ranking of various compounds based on in vivo and in vitro toxicity data is depicted in Fig. 9 . Relative ranking based on in vitro data is similar to that of in vivo data. A similar good correlation was noted when 6 different shampoos were ranked according to their relative toxicities on rabbit corneal cells (SIRC) in vitro and according to the relative degree of irritancy as determined by the modified Draize test in vivo (21) . The ranking based on the highest concentration of a test agent that does not produce observable morphological alterations, including marked vacuolization, enlargement, and flattening of cells, was independent of the cell line used and was in accordance with ocular irritancy (30) .
The present study suggests that in vitro toxicity assays appear to be of potential value as &dquo;prescreen-ing&dquo; assays. Relative ranking, rather than direct comparison of Icso from in vitro tests to LDso from in vivo tests, was attempted because 1) a very large number of compounds acting by a similar mechanism should be involved in the study, and 2) many different protocols were used for studies involving the Draize test or skin irritation. It must be emphasized that more toxic effects of promoter agents acting by active oxygen release such as BOP, xanthine/xanthine oxidase, and peroxide have been reported on the nonpromotable clone 30 as compared to the promotable clone 41 of JB6 mouse epidermal cells (13, 14, 20) . Thus, care must be taken in the selection of the proper clone of cells, based on the mechanism of action of toxic effects of the compounds studied. In vitro techniques are currently too simple to account for the complexities involved in animal testing. For example, an organ such as skin in vivo may consist of a heterogenous population of cells that will vary in their sensitivity or resistance to the effects of a particular toxic compound. This, in turn, may result in significant variability in es-timated toxic effects from animal to animal, whereas in cell culture, it is possible to use homogeneous populations.
The present study provides insight into the selection of the proper time period (24 hr) for studying a variety of compounds for in vitro mouse JB6 toxicity correlation with in vivo skin toxicity or the Draize test as based on cell death and morphology. It is possible that a general &dquo;screening&dquo; model for toxic compounds could be developed, using the results of this study. Furthermore, this study provides a momentum for developing more sensitive parameters of acute cellular injury (e.g., [Ca2+] ; and oncogene activation) (14) . Based on the present study, JB6 mouse skin cells appear to be a good in vitro toxicity model for predicting results for in vivo eye, skin, and irritation effects as well as having potential for the rabbit SIRC corneal model (21 ) . Although several in vitro systems for predicting in vivo effects have been described (2, 3, 11, 18, 28) , the correlation between any single in vitro model and in vivo irritancy has not been good to date. Only a small number of different compounds have been tested so far by these new methods and, therefore, only limited data are available to assess their suitability and validity as irritation tests. Only minimal information is available concerning interlaboratory reproducibility and the significance of the tests for effects in humans. Systematic in-depth comparison of results from in vitro testing with data obtained from in vivo tests in experimental animals or from human experience will make it possible to predict human response to irritants from in vitro data. Although the JB6 cell culture model has many advantages, it does lack some of the properties found in intact skin, such as the stratum comeum barrier, the interaction between keratinocytes and other cells, and the inflammatory process. Hence, extrapolation of in vitro data of skin cells to in vivo data should be done with great caution.
